Background: Locally advanced pancreatic cancer (LAPC) represents more than one third of pancreatic cancers and owns poor survival after the standard chemotherapy. Irreversible electroporation (IRE) is a novel method and has been recently used in LAPC. The aim of this study was to compare the efficacy of IRE and radiotherapy after induction chemotherapy for patients with LAPC.
Background
Pancreatic cancer is the fourth leading cause of cancer-related death and is anticipated to emerge as the second leading cause of cancer-related death by 2030 [1] . Surgery offers the only chance of cure while only 10% of patients are candidates for surgical resection. Approximately 50% of patients present with metastatic disease and the remaining patients (40%) present vascular involvement prohibiting upfront resection, known as locally advanced pancreatic cancer (LAPC) [2] [3] [4] . The late diagnosis and aggressive nature of cancers contribute to the poor survival of patients with pancreatic cancer, which has changed little over the past two decades [5] . Moreover, the prognosis of patients with LAPC has remained poor due to high rates of local and distant tumor progression. The median survival of these patients is less than 1 year and five-year overall survival (OS) rate is less than 5% [6] . The current standard care for LAPC comprises a multidisciplinary approach, which includes chemotherapy alone, chemoradiotherapy and radiotherapy after induction chemotherapy, followed by reassessment for resectability [3, 7] . Although the superiority of chemotherapy, especially FOLFIRINOX-based regimen (5-fluorouracil, leucovorin, irinotecan, and oxaliplatin), demonstrated in the metastatic or resectable pancreatic cancer had led to many explorations of modified FOLFIRINOX-based chemotherapy in LAPC [8, 9] , the induction chemotherapy combined with radiotherapy or not for LAPC seldom result in sufficient downstaging to enable potential curative resection to be attempted. Moreover, the role of radiotherapy was shown to be controversial and several randomized trials comparing chemotherapy and chemoradiotherapy in patients with LAPC demonstrated divergent conclusions [10] [11] [12] . Compared with chemotherapy alone, higher rates of toxicity and increased cost of chemoradiotherapy also contributed to dispute of the role of radiotherapy in the treatment of LAPC [12] . This unmet need prompted many researchers to examine novel treatments and optimize the current therapeutic approaches.
Although distant metastasis is the main form of disease progression of LAPC, many reports showed that locally destructive disease, rather than distant metastasis, contributed to 30-40% of deaths in patients with LAPC [13] , which indicated the importance of local destructive therapies. Irreversible electroporation (IRE) is a novel local destructive therapy and is based on the transmission of short and high-voltage direct current pulses through the tumor, leading to changes of irreversible permeabilization in cell membrane integrity and subsequent apoptosis [14, 15] . Unlike radiofrequency ablation and microwave ablation, which will cause thermal damage to the nearby structures, such as blood vessels or bile ducts when they are applied in pancreas, IRE is a non-thermal ablative technique and it is not susceptible to the heat sink effect and then can be applied in areas around major blood vessels and vital structures [16] . Therefore, IRE is regarded as a safe and attractive treatment option for LAPC due to its unique feature of preserving important structures. Moreover, as a novel local destructive therapy, IRE was reported to benefit patients in terms of long-term survival when it was applied after the induction chemotherapy [17, 18] . However, nowadays, there is no evidence of the comparison of survival benefit between IRE and radiotherapy after induction chemotherapy in patients with LAPC. Therefore, we aimed to investigate the effect of these two local therapies after the induction chemotherapy on long-term OS and progression-free survival (PFS) and determine the prognostic predictors affecting survival outcomes in patients with LAPC.
Methods

Patients
All primary LAPC patients who were initially treated with IRE or radiotherapy after induction chemotherapy from August 2015 to August 2017 at Sun Yat-sen University Cancer Center were identified. A total of 96 patients were included using the following inclusion criteria: (1) pathologically confirmed pancreatic adenocarcinoma and radiologically confirmed LAPC. LAPC was defined as per the 7th edition of AJCC staging system for pancreatic cancer-described as arterial encasement of either the celiac axis or superior mesenteric artery, unreconstructable superior mesenteric or portal vein involvement, with no evident of metastatic disease from abdominal and thoracic computer tomograph (CT) [19] ; (2) 4 months of induction chemotherapy (FOLFIRI-NOX or Gem-based chemotherapy) and no metastatic diseases. Twenty patients were excluded based on the following exclusion criteria: (1) other initial treatments, including surgical resection and radiofrequency ablation before or after chemotherapy (eight patients); (2) existing metastatic implants (nine patients); (3) a history of heart arrhythmia (one patient); (4) a history of second primary malignant tumors (two patients). Finally, 76 patients were included into this study.
Data collection
All clinical and radiological data for diagnosis were retrieved from medical record archived at Sun Yat-sen University Cancer Center. The following data were collected and analyzed: age, gender, tumor size, tumor grade, lymph node (LN) metastasis, tumor site, tumor-node-metastasis (TNM) stage, white blood cell (WBC) count, hemoglobin (HGB), platelet (PLT) count, serum levels of alanine transaminase (ALT), aspartate aminotransferase (AST), alkaline phosphatase (ALP), glutamyl transpeptidase (GGT), albumin (ALB), total bilirubin (TBIL), indirect bilirubin (IBIL), C-reactive protein (CRP), carcinoembryonic antigen (CEA), carbohydrate antigen 19-9 (CA19-9), chemotherapy, radiotherapy and IRE treatment.
Treatment procedure
The induction chemotherapy of either a FOLFIRINOX-based or GEM-based chemotherapy was used for 4 months in duration (total of three cycles of GEM-based chemotherapy or four to six cycles of FOLFIRINOX-based chemotherapy). After induction chemotherapy, CT, or magnetic resonance imaging was obtained with positron emission tomography, CA19-9 and CEA measurement to detect whether metastatic disease had occurred or not. IRE or radiotherapy was performed in patients when metastatic diseases were not detected. The same line of chemotherapy was performed after IRE or radiotherapy as the standard treatment if no complications or contraindication were reported. Radiotherapy delivered a median dose of 67 Gy in 30 daily fraction over 6 weeks. A planning CT was performed for every patient and the target volume delineation and organ at risk constrains followed the guidelines from National Comprehensive Cancer Network [3] and European Society for Medical Oncology [5] .
The NanoKnife IRE equipment from Angiodynamics System (Queensbury, NY, USA) was used. IRE was performed in an open technique and general anesthesia with deep neuromuscular block is adopted. Each probe was a 19-gauge needle with depth marking and an echogenic tip and adjustable active exposure length. During the procedure of IRE, a maximal exposure of 1.5 cm was adopted for the pancreas. Three to six probes would be used according to the size and location of the tumor to create an electric field around the tumor, which would finally cause nanoscale pore formation in the plasma membrane. The probes were placed through the transverse mesocolon in a caudal-to-cranial direction. Ultrasound was used to guide the placement of all probes and then adequate space between probes is confirmed. The generator unit software was used to analysis the probe configuration data of ultrasound and provided optimal voltage and pulse length delivery. A setting of 1500 V/cm was often used as initial setting, with a planned delivery of 90 pulses at a pulse length of 70 to 90 ms. When the electric pulse started, the ablation was monitored with ultrasound and the current intensity was assessed. The voltage and pulse length would be changed according to the above information to achieve the desired initial current of 15 to 30 mA. The stepwise increasing resistance would lead to a drop in insistence, which was considered to be an indicator of an adequate ablation. If a tumor size was larger than 1.5 cm in the axial plane, a pull-back technique with the same procedure was performed to cover the entire area of ablation [20] .
Follow-up
The first follow-up visit was performed approximately 1 month after IRE or radiotherapy to assess technique efficacy, and then patients were followed up every 2-3 months during the first year and every 3-6 months thereafter. Physical examination, serum CA19-9 and CEA analysis and at least one imaging examination (abdominal CT or magnetic resonance imaging) were performed for each follow-up. OS was defined as the duration from the date of treatment until death or the last follow-up. PFS was defined as the duration from the date of treatment until the date when tumor progression was diagnosed or last follow-up. The last follow-up was completed on September 30, 2018.
Propensity score matching (PSM) analysis
PSM analysis was used to minimize selection bias and balance variables. Propensity score for all patients were estimated by a logistic regression model using the following characteristics as covariates: age, gender, tumor size, tumor grade, LN metastasis, CA19-9, CEA. A one-to-one nearest-neighbour matching algorithm with a caliper of 0.2 and without replacement was used [21] . PSM analysis was performed using the "MatchIt" package in R software.
Statistical analysis
Continuous variables were compared using independent sample t-test and Mann-Whitney U-test. Binary categorical variables were compared using the chi-square test. OS and PFS curves were analyzed using the Kaplan-Meier method, and differences between groups were compared by the log-rank test. Multivariate analysis was performed using the Cox regression model for variables which were found to be significant in univariate analysis, and the prognostic factors of OS and PFS were determined. The associated corresponding 95% confidence intervals (CIs) were calculated. Two-tailed P values less than 0.05 were considered statistically significant. Survival curves were depicted using MedCalc software version 11.4.2.0 (MedCalc, Ostend, Belgium) and all statistical analyses were performed using the R statistical package (R software version 3.4.2; R Foundation for Statistical Computing, Vienna, Austria).
Results
Patient characteristics
A total of 76 LAPC patients were treated with IRE or radiotherapy after induction chemotherapy. Among them, after induction chemotherapy for 4 months, 36 patients received IRE treatment and 40 patients received radiotherapy. The thresholds of the clinical and radiological variables were used as the cutoff values for these variables. The baseline characteristics of these clinical and pathological variables before and after PSM analysis were listed in Table 1 . Thirty-six pairs of patients were matched and compared in this analysis. The median age for patients in the IRE group and radiotherapy group were 59.5 years (range 45.0-87.0 years) and 60.0 years (range 36.0-79.0 years), respectively. Female patients were more than male patients in IRE group while male patients occupied a little more proportion in the radiotherapy group. Poorly differentiated tumor and LN metastasis were more common in IRE group while radiotherapy group appeared to be associated with heavier tumor burden such as more cases with larger tumors. There were 21 (58.3%) patients received FOLFIRINOX-based chemotherapy and 15 (41.7%) patients received Gem-based chemotherapy, which was similar to the patients in radiotherapy group. All clinical and radiological variables were balanced between two groups after PSM analysis.
Survival and tumor progression in all patients
The median follow-up time duration was 10.0 months (range 1.2-30.6 months) for the whole study cohort. During the follow-up period, 7 (19.4%) patients in the IRE group and 27 (75%) patients in the radiotherapy group had died (p < 0.001). Before PSM analysis, the median OS in the IRE and radiotherapy group were 21.6 and 11.3 months, respectively while the 1-and 2-year OS rates in these two groups were 71.4, 53.5 and 47.2%, 26.9%, respectively (p = 0.039, Fig. 1a ). In addition, patients in IRE group also had significant longer OS than that of patients in radiotherapy group after PSM analysis (median OS, 21.6 months vs. 10.6 months; 1-year OS rate, 71.4% vs. 41.3%; 2-year OS rate, 53.5% vs. 20.7%; p = 0.011, Fig. 1b ).
There were a total of 50 patients who had tumor progression during the study cohort, including 17 (47.2%) patients in IRE group and 33 (91.6%) patients in radiotherapy group (p < 0.001). The median PFS for patients in IRE and radiotherapy group were 7.7 months and 4.7 months, respectively (p = 0.045, Fig. 2a) . The same results were also obtained in patients of two groups after PSM (median PFS, 7.7 months vs. 4.3 months; 1-year PFS rate, 28.4% vs. 11.1%; 2-year PFS rate, 28.4% vs. 5.6%; p = 0.004, Fig. 2b ). It was indicated that although patients in two groups had tumors with similar clinical and radiological features, tumors were more inclined to progress in patients in radiotherapy group, compared with those in IRE group.
Prognostic factors associated with OS and PFS
All clinical and radiological variables were included in Cox regression analysis. Univariate analysis for OS revealed that IRE treatment (IRE vs radiotherapy, hazard ratio (HR) = 0.355; 95% CI, 0.154-0.822; p = 0.016), CRP (> 3 ng/L vs ≤ 3 ng/L; HR = 3.939, 95% CI, 1.867-8.311, p < 0.001) and ALB (> 40 g/L vs ≤ 40 g/L; HR = 0.35, 95% CI, 0.128-0.934, p = 0.036) were associated with OS. Moreover, independent prognostic factor identified by multivariate analysis included chemotherapy followed by IRE treatment (HR = 0.362; 95% CI, 0.153-0.854; p = 0.020) and lower CRP level (HR = 3.432, 95% CI, 1.628-7.238, p = 0.001) ( Table 2 ). Univariate and multivariate analyses were also applied for PFS analysis. It was shown that IRE treatment (IRE vs radiotherapy, HR = 0.435; 95% CI, 0.242-0.783; p = 0.005), gender (male vs female; HR = 2.284, 95% CI, 1.269-4.112, p = 0.006) and CA19-9 (> 35 U/mL vs ≤ 35 U/mL; HR = 2.530, 95% CI, 1.179-5.429, p = 0.017) were associated with PFS. In addition, only chemotherapy followed by IRE treatment (HR = 0.438; 95% CI, 0.243-0.790; p = 0.006) was identified to be an independent favourable factor for PFS in patients with LAPC (Table 3) .
Comparisons of toxicities and complications after treatment
Patients of two groups were evaluated for toxicity. The most frequently reported toxicities were hypoalbuminemia and hypotension for patients in IRE group while hematologic adverse events, such as neutropenia, lymphopenia and fatigue, vomiting, and diarrhea were significantly more frequently observed in radiation group. Occurrences of complications were less in patients in IRE group, even though the significances were not significant due to the limited cases. However, muscle weakness occurred significantly more often in the radiation group (10 of 36 patients) (p = 0.006) ( Table 4) .
Discussion
LAPC, which represents nearly 40% of all pancreatic cancers, is a devastating disease with relatively high mortality rates and five-year survival rate lower than 5% [6, 22] . Recently, the biological aggressiveness and the nature history of LAPC have been questioned and then LAPC are believed to have a different prognosis compared with metastatic pancreatic cancer. The progress of chemotherapy in the treatment of metastatic and resectable pancreatic cancer provided new insight into the treatment of LAPC. A recent meta-analysis of retrospective studies showed that FOLFIRINOX-based chemotherapy could prolong survival for patients with PDAC [23] . Another interim result from a phase II trial also illustrated that 21% of patients with LAPC were deemed eligible for surgery after 6 cycles of Gemcitabine-based chemotherapy [24] . As many clinical trials were conducted in patients with advanced diseases, which included many cases of distant metastatic diseases, there were no randomized-controlled trial data available, specially demonstrating the benefit of chemotherapy in patents with LAPC. However, recent studies had also consolidated the foundation role of chemotherapy in the treatment of LAPC for its potential to develop metastasis. Moreover, apart from distant metastasis, a good proportion of patients may die from local tumor progression. It was reported that fully 28% of patients with LAPC had no evidence of metastasis at the time of death in a recent rapid autopsy from Johns Hopkins [25] . Local tumor progression was a main cause which was responsible for death of patient with LAPC. On the basis of systemic therapies which can improve the control of microscopic disease, strategies to optimize local control may play an increasing role in maximizing therapy [26, 27] . As a local treatment, radiotherapy plays a role in the localized control of LAPC. Chemotherapy followed by chemoradiotherapy is an option in patients with LAPC, demonstrating stability than chemotherapy alone. This approach aims to improve local control and may achieve downstaging of tumors [16] . However, current clinical trials comparing chemotherapy with chemoraditherapy have reported mixed responses. A large retrospective study from MD Anderson showed that stable diseases following induction chemotherapy demonstrated survival benefit from chemoradiotherapy [28] while it was shown that patient with LAPC experienced significantly shorter OS and more common toxicity after chemotherapy followed by radiotherapy, compared with single chemotherapy in the FFCDSFRO study [10] . Therefore, there was no concensus concerning the survival benefit of radiotherapy in patients with LAPC based on the current evidence and more clinical trials were needed in light of the fact that most patients still progressed with metastatic disease developing after chemoradiotherapy.
IRE is a novel local control treatment which has been recently applied in the treatment of LAPC. The safety and effectiveness of IRE have been reported by many previous studies [14, 29] . Moreover, it was illustrated that IRE was reasonably safe in LAPC after chemotherapy and with promising results regarding efficacy [17, 30] . Although it was shown that the subsequent IRE or radiotherapy after chemotherapy might result in improved survival compared with chemotherapy alone, there was no direct data illustrating the comparison of efficacy of these two local control treatments after the IRE irreversible electroporation, LN lymph node metastasis, TNM tumor-node-metastasis stage, WBC white blood cell count, PLT platelet count, ALT alanine transaminase, AST aspartate aminotransferase, ALP alkaline phosphatase, GGT glutamyl transpeptidase, ALB albumin, TBIL total bilirubin, IBIL indirect bilirubin, CRP C-reactive protein, CEA carcinoembryonic antigen, CA19-9 carbohydrate antigen 19-9 Fig. 1 The Kaplan-Meier survival curves of overall survival stratified by treatment strategies for patients with LAPC before (a) and after (b) propensity score matchingAbbreviations: LAPC, locally advanced pancreatic cancer.
induction chemotherapy in patients with LAPC. In this study, it was shown that the median OS was 21.6 months in patients after the induction chemotherapy and IRE, which was similar with the expected survival in study conducted by Huang et al. [30] . It was significantly higher than that of patients in the radiotherapy group, showing a promising improvement for patients with LAPC. PSM analysis, which could reduce the confounding bias of baseline characteristics, was applied in this study. The median OS for patients receiving chemotherapy following by IRE and radiotherapy were 21.6 and 11.3 months, respectively. The survival benefit was even Fig. 2 The Kaplan-Meier survival curves of progression free survival stratified by treatment strategies for patients with LAPC before (a) and after (b) propensity score matching. Abbreviations: LAPC, locally advanced pancreatic cancer Table 1 more obvious between these groups after PSM analysis. Moreover, across-study comparisons were also conducted in this study. For example, Krishan et al. showed a median OS of 11.9 months after chemotherapy followed by chemoradiotherapy [28] . Another similar study also indicated that median OS was 11.7 months in patients receiving induction chemotherapy followed by radiotherapy [31] . The comparison of the survival further consolidated the survival advantage of IRE therapy compared with radiotherapy after the induction chemotherapy. Compared with progressed disease observed in 33 out of 36 patients in radiotherapy group, only half of patients in IRE group had disease progression during the follow-up period. In addition, significant higher PFS was observed in patients after induction therapy followed by IRE, compared with radiotherapy. Multivariate analysis further illustrated IRE was an independent favourable factor for long-term OS and RFS, showing the survival benefit from IRE for patients with LAPC. As a local destructive treatment, IRE was helpful of chemotherapy delivery to tumor by disrupting the dense stroma of pancreatic cancer [32, 33] . In addition, due to the feature of non-thermal ablation, electric field of extremely high voltage can be applied through the whole tumor without harming nearby important structure in IRE treatment. In contrast, the duodenum and small intestine were easily harmed by high doses of radiation. Conventional radiotherapy was used most frequently in the treatment of LAPC and one of the reasons that studies failed to demonstrate the superiority of radiotherapy was the insufficient dose of radiation [34] . Therefore, compared with radiotherapy, IRE is more active in inducing tumor destruction and providing survival benefit for patients with LAPC. Intensity modulated radiation therapy (IMRT) and stereotactic body radiation therapy (SBRT) are two new delivery systems. They have theoretical advantages over conventional external beam radiation that both delivered more focused doses of radiation while spared normal tissue and leaved less toxicity [35, 36] . The increasing use of these novel radiation therapies may further improve survival of patients with LAPC. Interestingly, gender tended to be prognostic factor for survival. In this study, higher values of CRP were more frequently observed in male patients (16 of 36, 44 .4%), compare with female patients (9 of 36, 25.0%). Thus, the multicollinearity might contribute to seeming prognostic significance of gender. Additionally, multivariate analysis revealed that gender failed to significantly predict survival in LAPC patients, which was inconsistent with previous studies [13, 37] . Table 1 The most encouraging result of patients with LAPC after IRE treatment was reported by Martin et al. [37] , in which with a median follow-up of 29 months, the median OS was 24.9 months and the median PFS was 12.4 months. Different from our study, in Martin's study, 25% of patients had received resection and margin accentuation by IRE and conventional chemotherapy and radiotherapy were conducted in all patients. Compared with Martin's study, although the reported median OS and PFS were similar, patients experienced significantly more progressed diseases in our study. This result illustrated that chemotherapy was needed to control microscopic disease and distant metastasis even after local control of disease by IRE. Maybe only a multidisciplinary approach can be effective in obtaining both a local tumor reduction and a systemic control of disease.
There were several limitations which should be considered. First, the main limitation of this study was that the sample size of patients was small to draw definitive conclusions. Second, potential patient selection bias could not be completely avoided even after PSM analysis. Third, most of the radiotherapy was conventional radiation therapy, IMRT or SBRT might induce a better local control of diseases as mentioned above. Further prospective studies are needed to confirm the results of this study.
Conclusion
In conclusion, after induction chemotherapy, IRE resulted in better long-term OS and PFS than radiotherapy in patients with LAPC and the induction chemotherapy followed by IRE could be considered as a suitable treatment modality. A randomized clinical trial comparing the efficacy of IRE and radiotherapy after the induction chemotherapy, is therefore considerable.
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